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Water remediationAbstract Cross linking of starch molecules with suitable reagents provides opportunity for incor-
poration of relevant functional groups, thereby tuning the adsorption properties of the starch poly-
mer adsorbent towards target pollutants, as a function of the nature of the cross linking agent and
the chemical identity of the pollutants. In this vein, this study assessed the applicability of epichloro-
hydrin cross-linked starch (EPIS), 1,6-hexamethylene diisocyanate cross-linked starch (HDIS), and
4,4-methylene diphenyl diisocyanate cross-linked starch (MDIS) polymer adsorbents for treatment
of aqueous Polycyclic Aromatic Hydrocarbon (PAHs) pollution in environmental water samples.
Cross-linking process led to improvement in surface characteristics, level of hydrophobicity, and
incorporation of relevant functional groups. Adsorption capacities of the adsorbents were in the
order of MDIS > HDIS > EPIS. PAHs molecules were adsorbed in multi-layer, in a ﬂat-wise ori-
entation, while external and internal diffusion dominated the adsorption kinetics. Adsorption mech-
anisms suggested that these adsorbents spontaneously adsorb PAHs molecules driven mainly bycyanate
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and 4,4-methylene diphenyl diisocyanate m
j.arabjc.2015.06.004enthalpy change, and the adsorption process was attributed to physisorption involving hydropho-
bic, van der Waals and p–p interactions between adsorbent and adsorbates. The thermodynamic
evaluation indicated that the adsorption process was majorly endothermic and spontaneous.
Desorption studies indicated that the adsorbents can be efﬁciently regenerated. The adsorbents were
effective in treating simulated and real environmental water samples, and hence, are promising cost-
effective alternative for control of aqueous PAHs pollution.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The presence of PAHs in drinking, surface and waste water has
generated much public health concern and wide reportage in
the literature (Sun et al., 2009; Wang et al., 2009; Wu et al.,
2011; Zhao et al., 2011; Adedayo et al., 2012). Aside being
hydrophobic, PAHs exhibit mutagenic and carcinogenic toxic-
ities even at ultra-trace level. As a result of their persistence in
the environment, they have been classiﬁed as priority pollu-
tants with well-established restrictive limits by most environ-
mental regulatory agencies (Diggs et al., 2011). Humans are
exposed to PAHs through several means – air, water, food,
skin contact, and occupation. However, it has been established
that one of the main routes of human exposure is via water.
PAHs ﬁnd their way into water bodies through efﬂuent dis-
charges, leaching from waste dumps, accidental discharges,
atmospheric deposition, and through diffuse sources. In this
vein, the potential health risk of exposure to these chemicals
is higher in the developing countries due to the fact that water
for domestic activities is collected directly from streams with
little or no treatment (Bhatnagar and Sillanpa¨a¨, 2010).
Conventional physicochemical processes such as ﬂoccula-
tion, coagulation, sedimentation and ﬁltration have proved
to be ineffective for removal of PAHs (Chen et al., 2011).
Adsorption, which involves the scavenging of atoms, ions, or
molecules from aqueous media onto a solid surface is one of
the most economical and effective techniques for removing
PAHs and other organic pollutants from aqueous media
(Aksu, 2005). However, high cost and difﬁcult regeneration
of active carbon (AC), the most commonly used conventional
adsorbent, limit its application in large-scale wastewater treat-
ment. In search of potential alternatives, dead microorganisms
such as algae, bacteria, yeasts and fungi (Chung et al., 2007),
industrial wastes such as ﬂy ash (Sasithorn et al., 2010), nano-
materials such as grapheme oxides (Sun et al., 2013), plant resi-
due materials such as cork waste, bamboo leaves, bio chars
and orange peels, (Chen et al., 2011), pure and modiﬁed natu-
rally occurring minerals (Vidal et al., 2011), and synthetic
materials such as Amberlite XAD resin, High Density
Polyethylene (HDP) and Macronet (Valderrama et al., 2007;
Fries and Zarﬂ, 2012), have been applied for removal of
PAHs from aqueous media. However, most of these potential
options suffered limitations due to non-uniform, and conse-
quently unpredictable physical and/or chemical characteristics,
low sorption capacity for biomass based adsorbents, and dis-
posal problem due to non-biodegradable nature on the part
of synthetic adsorbents.
Modiﬁed starch has demonstrated high potential as adsor-
bent for removal of pollutants from aqueous media (Crini,
2005). Starch is of particular interest as a precursor becauseet al., Aqueous scavenging of polycyclic
odiﬁed starch: Pollution remediationof its ready availability, speciﬁc structure, chemical properties,
biodegradability, and excellent selectivity to aromatic com-
pounds and metals. Modiﬁcations of starch by cross linking
of the glucose chains of starch polymer not only increase
hydrophobicity, but also provide opportunity for tuning the
sorption properties of the adsorbent as a function of the nature
of the cross linking agent as well as degree of cross linking
(Imam et al., 2012). However, despite these sterling qualities
and potentials, no study has been carried out to develop starch
based adsorbents for PAHs.
This study was therefore set out to utilize, for the ﬁrst time,
starch based adsorbents for remediation of aqueous PAHs
pollution.2. Materials and methods
2.1. Materials
The acenaphthylene and phenanthrene PAH standards were
supplied by Dr. Ehrenstorfer GmbH, Augsburg, Germany.
Fluorene, epichlorohydrin, 1,6-hexamethylene diisocyanate
(HDI), 4,4-methylene diphenyl diisocyanate (MDI), N,N-
dimethyl formamide (DMF), and aqueous ammonia, were
sourced from Aladdin Chemistry Company Limited,
Shanghai, China. Soluble starch was purchased from
Guangfu Research Institute, Tianjin, China. Acetonitrile
(HPLC grade) was sourced from Fisher Scientiﬁc, USA.
2.2. Preparation and characterization of adsorbents
2.2.1. Preparation
The cross-linked starch polymers were prepared in one step by
reticulation of starch using different cross-linking agents. The
epichlorohydrin cross-linked starch (EPIS), hexamethylene
diisocyanate cross-linked starch (HDIS) and methylene diphe-
nyl diisocyanate (MDIS) adsorbents were prepared in one step
by cross-linking starch (15.0 g) using epichlorohydrin
(20.0 mL), 1,6-hexamethylene diisocyanate (5.9 mL) and 4,4-
methylene diphenyl diisocyanate (17.6 g) respectively.
Reactant ratios applied for the synthesis were conﬁrmed to
give the best adsorption performance via preliminary studies.
The details of procedure for the preparation have been
reported elsewhere (Okoli et al., 2014a).
A similar procedure for the synthesis of EPIS adsorbent
was adopted for the synthesis of epichlorohydrin aminated
cross-linked starch (EPIAS) and epichlorohydrin methyl ami-
nated cross-linked starch (EPIMAS) by introduction of
20 mL each of aqueous ammonia and mono-methyl amine,
respectively, into the reaction mixture.aromatic hydrocarbons using epichlorohydrin, 1,6-hexamethylene diisocyanate
approach. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/
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Scanning Electron Micrographs (SEM images) were taken
using Hitachi S4800 model Scanning Electron Microscope.
ASAP 2020 Model (Micromeritics) surface and porosity ana-
lyzer was used to study the surface characteristics using N2
adsorption, and Brunauer–Emmett–Teller (BET) method was
adopted for the surface area and pore analysis. Perkin Elmer
model Thermogravimetric and Differential Thermal Analysis
(TGA/DTA) was used to investigate the thermal behavior,
phase changes and decomposition pattern of the prepared
adsorbents. Infra-red (FT-IR) spectra of the synthesized
adsorbent were obtained using Perkin Elmer Spectrum 1
FTIR spectrophotometer, by scanning from 4000 to
450 cm1. Dry weight-based carbon, hydrogen and nitrogen
(CHN) contents of the synthesized adsorbents were deter-
mined by Elementar (Germany) Vario Macro Cube elemental
analyzer (see section SM 1 of the supplementary material for
full procedure of the characterization study).
2.3. Adsorption and desorption studies
2.3.1. Adsorption setup
Batch adsorption method was adopted for this study using
simulated single solute PAH polluted water samples (except
for competitive adsorption study where both single and binary
PAHs solutions were applied). The samples were prepared in
synthetic ground water (deionized water with 44 mg/L
CaCl2ÆH2O) and 200 mg/L Sodium azide (Na3N) to mimic
environmental water and prevent PAHs biodegradation,
respectively, using acenaphthylene, ﬂuorene, and phenan-
threne. Because of low water solubility, PAH stock solutions
were made at high concentrations in methanol and then the
experimental solutions of desired concentrations were obtained
by serial dilution. The carrier solvent (methanol) was assumed
to have no effect on solute equilibrium behavior due to its low
concentration (<0.1% v/v) in the ﬁnal experimental solution.
The working concentration was chosen with due consideration
on the solubility of the respective polycyclic aromatic
hydrocarbons.
Adsorption experiments were carried out by adding ali-
quots of simulated PAHs polluted water samples into
50/100 ml capacity glass stopped Erlenmeyer ﬂasks contain-
ing known dose of adsorbent. Aluminum foil was used to
wrap the ﬂasks to minimize possible losses by photo-
degradation. The ﬂasks were equilibrated in the dark by
shaking at 170 rpm for 24 h at room temperature
(25 ± 2 C), using a horizontal shaker water bath, except
where otherwise stated. After equilibrium was attained, the
PAHs solution was separated from the adsorbent by centrifu-
gation at 4000 rpm for 15 min. Thereafter, equilibrium levels
of PAHs were quantiﬁed using PerkinElmer series 200 (USA)
High Performance Liquid Chromatography (HPLC) system
with Brownlee Analytical (PerkinElmer, USA) reverse phase
C18 column (150 · 3.2 mm2, 5 lm, 110 A˚) equipped with
Series 200 UV and ﬂuorescence detectors. PAHs were ana-
lyzed using isocratic elution with acetonitrile and water in
the ratio of 70:30. Acenaphthylene was monitored with UV
detector at UV absorbance of 254 nm, while ﬂuorene and
phenanthrene were monitored with ﬂuorescence detector at
the excitation wavelength of 224 and 252 nm, and emission
wavelength of 320 and 370 nm, respectively. All experimentsPlease cite this article in press as: Okoli, C.P. et al., Aqueous scavenging of polycyclic
and 4,4-methylene diphenyl diisocyanate modiﬁed starch: Pollution remediation
j.arabjc.2015.06.004were done in duplicates, and the mean values were used for
data analysis.
2.3.2. Adsorption experiments
Preliminary screening adsorption study was carried out using
20 mg of adsorbent (MDIS, HDIS, EPIS, EPIAS, and
EPIMAS) and 50 ml aliquots of 3.0 mg/L acenaphthylene
and 1.0 mg/L phenanthrene, after which the selected adsor-
bents (MDIS and HDIS) were subsequently subjected to
detailed adsorption studies. The rest adsorption experiments
applied adsorbent/solution ratio of 10 mg/50 ml, except the
rate determination experiments (effect of contact time, particle
size, temperature and competition) where 10 mg/100 ml was
applied, and effect of adsorbent dose where variable doses
were applied. The study of effect of contact time was carried
out in a rate determination experiment with aliquots of
2.5 mg/L acenaphthylene, 1.0 mg/L phenanthrene and
1.5 mg/L ﬂuorene solution, while the residual PAHs concen-
tration was monitored at 10, 30, 90, 180, 360, 720 and
1440 min. The effect of adsorbent dose was studied by agitat-
ing 10, 20, 30, 40, 50, 70, and 100 mg of adsorbents with 50 ml
aliquot of 1.0 mg/L phenanthrene solution. The effect of pH
was studied using aliquots of 1.0 mg/L phenanthrene solutions
of 3.5, 5.0, 6.5, 8.0, 9.5 and 11.0 pH values, while the effect of
ionic strength (salinity) was studied using solutions of different
ionic strengths (0, 0.01 0.05, 0.10, 0.25, and 0.5 M of Na+)
that were prepared using NaCl. The effect of water hardness
was carried out with aliquot of 1.0 mg/L phenanthrene solu-
tion having varying aqueous CaCO3 concentration of 50.0,
75.0, 100.0, 125.0, and 150.0 mg/L. The effect of particle size
on both the rate and adsorption capacity of the adsorbents
was studied in a rate determination experiment with
1.9 mg/L ﬂuorene solution using adsorbents of particle sizes
of less than 0.125 mm, 0.125–12.7 mm, 12.7–25.4 mm and
above 25.4 mm, designated as sizes 1, 2, 3, and 4, respectively.
The effect of initial PAHs concentration was studied by vary-
ing the initial concentrations through 1.0, 1.5, 2.0, 2.5, 3.0 and
3.5 mg/L for acenaphthylene, and 0.2, 0.4, 0.6, 0.8, 1.0 and 1.2
for phenanthrene. Study of the effect of temperature was car-
ried out by repeating the rate determination experiment for the
effect of contact time at temperatures of 25, 45, and 60 C. The
effect of competition was also investigated in a rate determina-
tion experiment using single (2.5 mg/L acenaphthylene and
1.5 mg/L ﬂuorene) and binary solute solution system
(1.0/2.5 mg/L phenanthrene/acenaphthylene and 1.0/1.5
phenanthrene/ﬂuorene).
A blank study was done by adding a known mass of the
adsorbent to a given volume of Milli-Q water free of organic
traces to check whether the adsorbent could release PAHs in
the aqueous solution. For every experiment, adsorbent free
PAHs solutions were subjected to the same experimental con-
ditions to evaluate the loss of PAHs to factors, other than
adsorption.
2.3.3. Desorption and regeneration study
100 mg of dried spent adsorbents (adsorbed with acenaph-
thylene, phenanthrene and ﬂuorene under conditions of the
equilibrium experiment using 2.5, 1.0, and 1.5 mg/L respec-
tively) was shaken at 180 rpm with a 100-fold volume of a suit-
able desorption solvent, and the desorbed concentration (Cdes),
was measured after 2 h. The effect of the nature of desorptionaromatic hydrocarbons using epichlorohydrin, 1,6-hexamethylene diisocyanate
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and hexane, while desorption kinetics was also studied
by determining the desorbed quantity (and consequently des-
orption efﬁciency) at time of 2, 5, 10, 20, 30, 60, and
120 min. To evaluate the regeneration efﬁciency, the adsor-
bents were regenerated ﬁve consecutive times, and their
adsorption performances were compared to that of the fresh
adsorbents.2.3.4. Application of the developed adsorbents in real
environmental water treatment
The applicability of the developed adsorbents for treatment of
real water samples was tested with water samples collected
from Sahe river (407043.3600N, 1161909.4300E) and
Shangzhuang (405059.600N, 11612017.300E) reservoir of
Beijing, China. The initial PAHs concentration was ﬁrst deter-
mined following standard procedure, after which aliquots of
the samples were spiked with 1.0 mg/L mixed concentrations
of acenaphthylene, phenanthrene, and ﬂuorine. Adsorption
performance of the developed adsorbents was studied by
applying 10 mg of the adsorbents on 100 ml of both spiked
and un-spiked water samples following standard adsorption
procedure.2.4. Data treatment
Quantity of PAHs adsorbed by the adsorbent after the speci-
ﬁed incubation period was calculated using Eq. (2.1)
qe ¼
ðCo  CeÞV
M
ð2:1Þ
where qe is the adsorption capacity (mg/g), Co and Ce are the
initial and equilibrium PAHs concentrations in the solution
(mg/L), respectively. V (L) and M (g) are the volume of solu-
tion and mass of adsorbent used, respectively.
The sorption data were explained using four kinetics mod-
els: Lagergren (1898) pseudo-ﬁrst and -second order, Morris–
Weber intra-particle diffusion and liquid ﬁlm diffusion models
(Okoli et al., 2014b); three adsorption isotherm models:
Langmuir, Freundlich, and BET models (Febrianto et al.,
2008); as well as the thermodynamic parameters: free energy
change (DG), enthalpy change (DHo), and entropy change
(DSo) (see section SM2 of the supporting materials for details
of the models and computation).
Desorption and regeneration studies applied Eqs. (2.2) and
(2.3) for the evaluation of Desorption Efﬁciency (DE) and
Regeneration Efﬁciency (RE) respectively.
DE ¼ Cdes
Co  Ce
 
100
1
ð2:2ÞRE ¼ qr
qe
 
100
1
ð2:3Þ
where ðCo  CeÞ and Cdes represent the adsorbed and desorbed
concentrations respectively, while qr and qe represent adsorp-
tion capacities for pristine and regenerated adsorbents,
respectively.Please cite this article in press as: Okoli, C.P. et al., Aqueous scavenging of polycyclic
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3.1. Characterization of the adsorbents
The result of surface and pore analysis of the adsorbents is
shown in Table 1. The values of BET speciﬁc surface area of
the synthesized adsorbents were higher than those of un-
modiﬁed starch (0.980 m2/g); hence, it can be concluded that
cross-linking process led to improvement in the surface and
porosity characteristics of the cross-linked polymer adsor-
bents. This observation laid credence to the established princi-
ple that cross-linking and amination processes increase the
polymer network of the adsorbents, thus increasing the surface
area (Delval et al., 2005). The values of the pore surface/total
surface area ratio of the adsorbents, which reﬂect the extent of
adsorption that takes place on the exterior, as well as the inte-
rior surfaces of the adsorbents, indicate that MDIS might
likely have the slowest adsorption rate, despite having the
highest surface area, since majority of MDIS adsorption is
likely to occur on the interior surfaces of the adsorbents.
The scanning electron micrograph (Fig. 1) revealed that the
surface of the starch precursor (Fig. 1c and d) was relatively
smooth, while the surface of the cross linked polymer counter-
parts (MDIS – Fig. 1a, HDIS – Fig. 1b) exhibited noticeable
pores, thus corroborating higher BET surface areas observed
for these adsorbents. Also, the SEM images revealed that
cross-linking process leads to agglomeration in physical terms,
as the particles of starch were globular in shape and of differ-
ent sizes while the cross linked polymer counterparts were
agglomerates of irregular shapes and sizes, indicating the for-
mation of bulkier polymer units emanating from the cross link-
ing process.
The TGA and DTA plots of MDIS and HDIS polymer
adsorbents are shown in Fig. 2. TGA showed mass losses in
three steps while the DTA revealed the thermal events corre-
sponding to these losses. For MDIS, the ﬁrst mass loss was
between 30 – 104 C (3%) and corresponding to the peak at
47 C (Fig. 2a), which is attributed to the dehydration that
occurs in a single step. Once dehydrated, the compound is
stable up to 260 C and above this temperature the thermal
decomposition occurs in two consecutive and/or overlapping
steps between 260 and 670 C. The ﬁrst mass loss (39.5%)
of the anhydrous compound was observed between
260 – 366 C corresponding to the sharp exothermic peak at
350 C with oxidative process. The last mass loss (57.5%)
was between 366 – 513 C corresponding to the exothermic
peak at 520 C, ascribed to the oxidation of the organic matter.
The trend for HDIS (Fig. 2b) was similar to that of MDIS,
except that the phase changes occurred at different
temperatures.
The presence of stretching vibration of C–H bonds of glu-
cose units (2905 cm1), C–O (1320–1000 cm1) and O–H
(3500–3200 cm1) stretching vibrations of polymeric com-
pounds especially polysaccharides, in addition to the charac-
teristic broad peaks of anomeric C–H ring deformations
(554, 596, 662, 567 and 580 cm1 for EPIS, HDIS, MDIS,
EPIAS and EPIMAS, respectively) in the infrared spectra of
the polymers (Fig. S1), showed that the starch structural back-
bone was retained in the cross-linked polymer adsorbents. The
discussion of infra-red characterization of EPIS, HDIS and
MDIS has been reported in our previous study (Okoli et al.,aromatic hydrocarbons using epichlorohydrin, 1,6-hexamethylene diisocyanate
approach. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/
Table 1 Surface and pore analysis of the starch adsorbents.
Adsorbent EPIS EPIAS EPIMAS HDIS MDIS
BET surface area (m2/g) 4.3091 5.7891 7.5713 3.2804 40.3858
BJH adsorption surface area of pores (m2/g)a 2.9023 4.0237 5.8931 1.9820 40.0851
Pore surface/total surface area 0.6735 0.6950 0.7783 0.6042 0.9925
Total pore volume (cm3/g) 0.017281 0.01149 0.02047 0.007463 0.129811
BJH adsorption pore volume (cm3/g)a 0.03241 0.03562 0.05830 0.02361 0.188124
BET pore width (4V/A) (A˚) 104.3561 110.6350 99.8130 91.0011 128.5709
BJH pore width (4V/A) (A˚)a 503.2710 497.4724 602.4732 476.473 187.7271
a For pores between 17,000 and 3000,000 A˚ width.
Figure 1 Scanning electron micrographs of (a) MDIS, (b) HDIS adsorbents, (c) pristine starch (20,000·) and (d) pristine starch (400·).
Aqueous scavenging of polycyclic aromatic hydrocarbons 52014a). The presence of starch C–N vibrations (1719 and
1712 cm–1 for EPIAS and EPIMAS, respectively), aliphatic
C–N stretch (1167 and 1151 cm–1 for EPIAS and EPIMAS,Figure 2 TGA/DTA plots of (a) M
Please cite this article in press as: Okoli, C.P. et al., Aqueous scavenging of polycyclic
and 4,4-methylene diphenyl diisocyanate modiﬁed starch: Pollution remediation
j.arabjc.2015.06.004respectively), and N–H wag (754 cm1 for EPIAS alone) in
the spectra of the for EPIAS and EPIMAS conﬁrmed the suc-
cessful introduction of nitrogen atom into the starch polymerDIS and (b) HDIS adsorbents.
aromatic hydrocarbons using epichlorohydrin, 1,6-hexamethylene diisocyanate
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Figure 3 Plots for adsorption of PAHs on (a) MDIS and (b)
HDIS adsorbents.
6 C.P. Okoli et al.matrix. This is a desirable property since Density Functional
Theorem (DFT) model studies (Okoli et al., 2014a) have
shown that nitrogen being an electron rich center, will increase
the polarizability of the cross linked starch polymer, which is
subsequently expected to enhance the sorption properties of
the polymers.
The analysis of elemental composition data revealed that
the cross-linking process led to improvement in the level of
hydrophobicity and aromaticity (for MDIS alone) of the syn-
thesized polymers. The data for EPIS, HDIS, and MDIS poly-
mer adsorbents have been previously reported (Okoli et al.,
2014a). The elemental composition of EPIAS and EPIMAS
polymers (Table S1) showed a positive linear correlation
between the nitrogen content and the quantities of amination
reagents applied in the synthesis. The values of (O + N)/C
atomic ratios, which are an important parameter for predicting
sorption, ranged from 1.08–1.14 and 1.16–1.20 for EPIAS and
EPIMAS, respectively. These values are not favorable when
compared to the range of some commercial lignin (0.33–
0.94), which is a reference adsorbent for aromatic pollutants
reported in the literature (Wang and Xing, 2007). The N/C
value (which is also an important factor that reﬂects the polar-
izability a, of the polymer adsorbents), for all the aminated
adsorbents, showed a positive correlation with the degree of
amination. The C/H atomic ratio, an indication of hydropho-
bicity, for the EPIAS adsorbents showed no signiﬁcant change,
while EPIMAS showed little increment with a progressive
increase in the quantity of amination agent. This observation
is in consonance with the fact that aqueous ammonia had no
carbon, and thus did not contribute to increment in carbon
content, while monomethyl amine incorporated the carbon
atom of its methyl group into the starch polymer matrix.
3.2. Adsorption studies
3.2.1. Screening adsorption studies
Preliminary screening study gave the mean adsorption capaci-
ties of EPIS, HDIS, MDIS, EPIAS, and EPIMAS as 0.77,
1.11, 2.24, 1.22 and 1.27 for acenaphthylene, and 0.59, 0.70,
1.03, 0.24, and 0.35 mg/g for phenanthrene, respectively. The
result showed that MDIS showed the highest adsorption
capacity for both PAHs. This can be attributed to the higher
afﬁnity in the form of p–p interaction between the aromatic
ring of the MDIS polymer matrix and that of PAH molecules,
which does not exist in other adsorbents because of non-
existence of aromatic rings, as well as high surface and pore
characteristics of MDIS polymer as revealed by the BET sur-
face study. The HDIS adsorbent showed moderate adsorption
capacity while the EPIS had the least adsorption capacity for
acenaphthylene. The aminated cross-linked starch (EPIAS
and EPIMAS) set of polymers were second in performance
for the small molecular size PAHs as represented by acenaph-
thylene, but not as good for the relatively higher molecular size
PAHs as represented by phenanthrene. The HDIS displayed
poor sorption performance in terms of sorption of small size
acenaphthylene, and this can be justiﬁed on the fact that
HDIS exhibited the least surface area.
However, HDIS showed better sorption for relatively larger
molecular size phenanthrene, than EPIS polymer. This obser-
vation can be explained on the principle of steric hindrance.
It has been established that adsorption of high molecular massPlease cite this article in press as: Okoli, C.P. et al., Aqueous scavenging of polycyclic
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groups of the interfacial spaces of the polymer network of
cross linked starch adsorbents, in addition to adsorption at
the polymer surfaces (Okoli et al., 2014a). Since the size of
the interfacial spaces of the starch polymer network is regu-
lated by the spacer arm length of the cross-link unit, the size
of interfacial space for HDIS is expectedly bigger than that
of the EPIS polymers due to the fact that the length of HDI
cross-link unit is longer than that of EPI polymers. Hence,
the effect of steric hindrance on adsorption will be more in
EPIS than in HDIS set of polymers.
From the foregoing, MDIS and HDIS were selected for
detailed adsorption studies because of their relatively high
sorption capacity and wide spectrum of adsorption for the tar-
get analytes. The application of EPIS is limited by its very low
adsorption capacity, while the aminated counterparts, EPIAS
and EPIMAS were not considered because of the relatively
more complex synthetic procedure, as well as their low adsorp-
tion capacity.
3.2.2. Effect of time and kinetic study
The plot of quantity adsorbed at given time, qt against time, t
(Fig. 3) shows the observed trend of the PAHs uptake rate. For
phenanthrene, it was observed that there was a gradual
increase in pollutant uptake from 42.7% and 33.5% at
10 min to a maximum of 87.6% and 63.0% at 720 min, and
then the least increase to 91.50% and 63.4% at 1440 min for
MDIS and HDIS, respectively. Acenaphthylene and ﬂuorene
also exhibited similar trends observed for phenanthrene. This
observation can be attributed to the fact that a large number
of vacant surface sites were available for adsorption during
the initial stage, and with lapse of time, the remaining vacant
sites would continually reduce. From the study therefore, the
time required to attain equilibrium was 720 min. However, a
contact time of 1440 min has been employed for all other stud-
ies just to monitor the possibility of further adsorption after
this time.
Table 2 showed the comparative ﬁt of the various models.
In elucidating the kinetic mechanism, it is generally known
that a typical liquid/solid adsorption involves threearomatic hydrocarbons using epichlorohydrin, 1,6-hexamethylene diisocyanate
approach. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/
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ing the adsorbent particles, i.e., external or ﬁlm diffusion; (2)
diffusion in the liquid contained in the pores and/or along
the pore walls, which is the internal or intra-particle diffusion;
and (3) adsorption and desorption between the adsorbate and
active sites of the adsorbent, otherwise known as mass action.
One of these steps usually offers much greater resistance than
the others and may thus be considered as the rate-limiting step
of the process (Qiu et al., 2009; Zhang et al., 2014). In practice
however, unless chemical modiﬁcations occur during the sorp-
tion, the third stage is assumed to be too fast to contribute sig-
niﬁcantly to the overall sorption rate. It is thus generally
understood that slow sorption kinetics are caused by rate-
limiting diffusive mass transfer (Ball and Roberts, 1991).
The good correlation between the calculated qe values and
the experimental values, as well as the correlation coefﬁcient
(r2) of pseudo-second order model for the kinetic data indi-
cated that the mass action aspect of the sorption mechanism
of PAHs onto cross-linked adsorbent surfaces is governed by
pseudo-second order kinetics model. This consistency of data
indicates that PAHs adsorption on the sorption sites of the
adsorbents followed pseudo-second order kinetics and is con-
trolled by physical adsorption (physisorption). This indicates
that the interaction mechanism that took place between the
adsorbents and PAHs molecules is weak interactions such as
hydrophobic, van der Waals and p–p interactions (for MDIS
only). The existence of the weak interactions can be explained
on the basis of chemical structural properties of the polymer
adsorbents as elucidated in the FTIR and elemental analysis
data, and the PAH molecules. For instance, the presence of
phenyl ring on the adsorbents, as revealed by the FTIR spec-
trum of MDIS, is favorable to increase the adsorption capacity
and afﬁnity of the aromatic rings on PAH molecules by p–p
interaction (Shao et al., 2010), while the increased hydropho-
bicity that resulted from the cross-linking process, as revealed
by the elemental analysis data, increases the potential for exhi-
bition of hydrophobic interaction. It is, thus, assumed that
adsorption capacity is proportional to the number of active
sites occupied on the sorbent surface. Table 2 also showed that
liquid ﬁlm diffusion and intra-particle diffusion models both
quite described the sorption data. Since the intra-particle diffu-
sion plot does not pass through the origin (Cid–0), it con-
ﬁrmed that intra-particle diffusion is not the only rate-
controlling step (Zhang et al., 2014). Hence, both liquid ﬁlm
diffusion and intra-particle diffusion contributed to the rate
limiting step of the entire kinetic mechanism of the sorption
process.
3.2.3. Effect of adsorbent dose
The amount of adsorbent used in adsorption unit process is
crucial for economic reasons. It is therefore necessary, that
the effects of adsorbent dose are analyzed for the optimization
and selection of the best required dose for scale-up and design-
ing large scale equipments (Shao et al., 2011). It was observed
that increasing the dosage from a range 0.005 g through
0.050 g increased the percentage removal of phenanthrene
from aqueous solution from 35.70% to 86.47%, and 83.78%
to 97.10%, for HDIS and MDIS polymers respectively, while
on the other hand, the equilibrium adsorption capacity, qe, per
unit mass of these adsorbents was found to decrease
(3.57 mg/g to 0.86 mg/g and 8.38 mg/g to 0.97 mg/g forPlease cite this article in press as: Okoli, C.P. et al., Aqueous scavenging of polycyclic
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adsorbent dose (Fig. S2). It is apparent that by increasing
the amount of adsorbent, available sorption sites for sor-
bent–solute interaction are increased due to increased available
surface functional group, thus leading to observable increment
in percentage PAHs removal from aliquot solution. The qe
decrease with mass is attributed to the decreasing total surface
area of the adsorbent and an increase in diffusion path length
due to aggregation of cross linked starch polymer particles. As
the weight of the polymer increased, the aggregation becomes
increasingly signiﬁcant. Therefore, it is apparent that the
choice of dose for these adsorbents will depend on which of
the parameters (adsorption capacity or efﬁciency) the operator
wants to maximize. However, the plots (Fig. S2) revealed that
the optimum values were 9 mg and 15 mg per 100 ml for
MDIS and HDIS, respectively. However, this study adopted
10 mg to maintain uniformity.
3.2.4. Effect of particle size
Difﬁculties in phase separation after adsorption have limited
the application of powdered adsorbents in water decontamina-
tion (Olu-owolabi et al., 2012). Particles with bigger size are
relatively easier to prepare than those of ﬁner particles.
However, for adsorbents with moderate porosity like the ones
under study, increase in particle size reduces the available sur-
face sorption sites. In some cases, adsorbents with low density
ﬂoat on water when the particles are too small. Particle size is
therefore an important factor that needed to be moderated.
The study showed that the particle size had negative correla-
tion to both the equilibrium sorption capacity and sorption
rate for the two adsorbents under study (Fig. S3 and
Table S2). The experimental adsorption capacities (qe expt.)
for sizes 1, 2, 3, and 4 were 8.57, 8.43, 7.62, and 5.96 mg/g
respectively for MDIS, while those of HDIS for sizes 1, 2, 3,
and 4 were 7.20, 6.69, 5.81, and 5.22 mg/g respectively. Also,
the rate constant k2 values for sizes 1, 2, 3, and 4 were 0.013,
0.0053, 0.0012, and 0.0005 for MDIS, while those of HDIS
for sizes 1, 2, 3, and 4 were 0.0124, 0.0100, 0.0030, and
0.0024 mg/g respectively. Considering the fact that the values
for qe and k2 were very close for both sizes 1 and 2 of the
adsorbents, size 2 was considered to be suitable as the opti-
mum size.
3.2.5. Effect of pH, water hardness and salinity
The result of the study (Table S3) showed that pH changes did
not signiﬁcantly affect adsorption of phenanthrene onto
MDIS adsorbent from very low to moderately high pH values.
The adsorption capacity (qe values) of the adsorbent was rela-
tively constant at 4.53 mg/g from the pH of 3.5 to 8.0, and
thereafter rose slightly from 4.53 to 4.88 mg/g as the pH rose
from 8.0 to 11.0. This observation is expected, and stems from
the fact that both the surfaces of the adsorbents and the PAHs
molecules are not charged. Hence, change in hydrogen ion
concentration is expected to have minimum effect on the
adsorbent–PAHs interaction. However, at very high pH val-
ues, there was a signiﬁcant increment in adsorption perfor-
mance. This can be explained on the basis that increasing
pH induced deprotonation of the OH functional group on
adsorbent surface and enhanced the p-electron-donor ability
of the surface and thus strengthened p–p electron-donor–
acceptor interactions of the aromatics.aromatic hydrocarbons using epichlorohydrin, 1,6-hexamethylene diisocyanate
approach. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/
Table 2 Kinetic parameters for the sorption of phenanthrene, acenaphthylene and ﬂuorene onto MDIS and HDIS polymer
adsorbents.
PAHs adsorbates Phenanthrene Acenaphthylene Fluorene
Starch adsorbents MDIS HDIS MDIS HDIS MDIS HDIS
Experimental qe 9.1450 6.3380 18.5480 16.1220 11.6370 9.8410
Pseudo-ﬁrst order model
K1 (/min)(·103) 2.4415 2.4905 3.5407 4.6597 2.6013 3.2407
qe calc (mg/g) 3.2144 1.4940 4.1915 3.4613 2.8289 1.8387
R2 0.9276 0.8099 0.9171 0.8739 0.9376 0.2240
Pseudo-second order model
K2 (g/mg min)(·103) 3.8372 2.0842 3.4371 5.3434 7.4959 5.8582
qe calc (mg/g) 9.2593 6.4103 18.5632 16.1238 11.7054 9.8746
h (mg/g min) 0.3292 0.8564 1.1844 1.3883 1.0271 0.5709
R2 0.9994 0.9999 0.9992 0.9994 0.9999 0.9993
Morris-Weber intra-particle diﬀusion model
Kid (g/mg min
1/2)(·102) 12.9590 7.2540 10.0490 7.4290 8.6620 8.5250
C 5.0870 4.1630 14.9859 13.5619 8.9806 7.0983
R2 0.7311 0.6388 0.9212 0.7265 0.6596 0.6278
Liquid ﬁlm diﬀusion
Ri (/min)(·103) 2.4400 2.4900 3.5400 4.6600 2.5700 2.5804
R2 0.9276 0.8099 0.9171 0.8739 0.9036 0.9393
8 C.P. Okoli et al.Though Ca2+ was incorporated in all the working solutions
used for the adsorption studies to simulate environmental
waters, independent study was necessary to investigate the
effect of these ions on the PAHs removal. The results showed
that the adsorption efﬁciency of phenanthrene on the MDIS
adsorbent was not signiﬁcantly affected at any of the ﬁve dif-
ferent Ca2+ concentrations as the adsorption capacity slightly
increased from 4.55 to 4.75 mg/g. The adsorption capacity was
relatively steady (4.51–4.49 mg/g) as the alkalinity increased
from 0.0 to 0.1 mol/L, but increased to 4.97 mg/g as the alka-
linity rose to 0.5 mol/L. This indicated that alkalinity has no
signiﬁcant effect on the sorption of PAHs by cross linked
starch adsorbents. This observation can be explained by the
simple fact that neither the adsorbent nor the adsorbate had
charged moieties. However, at relatively high values, increment
in salinity led to resultant increment in adsorption perfor-
mance. This situation can be attributed to the principle of
‘‘salting out’’ which is predicated on the fact that solubility
of non-polar organics decreases with increment in ionic
strength.
3.2.6. Effect of initial PAHs concentration and isotherm study
The data for this study (Fig. 4) showed that PAHs sorption
was concentration dependent and increased with an increase
in initial PAHs concentration. Increment in adsorbate uptake
capacity with the increment in initial concentration is generally
expected due to higher availability of the adsorbates in solu-
tion which provided increased driving force to overcome all
mass transfer resistance of the adsorbates between the aqueous
and solid phases. This situation resulted in higher probability
of collision between PAHs and active sites of the adsorbent
leading to higher pollutant uptake.
The adsorption capacity and surface properties of the two
adsorbents were assessed using the Langmuir, Freundlich,
and Brunauer–Emmet–Teller (BET) sorption isotherms. AnPlease cite this article in press as: Okoli, C.P. et al., Aqueous scavenging of polycyclic
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coefﬁcient (r2) value is closer to unity than any other isotherm
as well as the estimated adsorption capacity (qe calc.) being
close to the experimental value. The model parameters
(Table S3) showed that Langmuir model gave better r2 values
(0.8223 6 r2 6 0.9669) than Freundlich (0.7464 6 r2 6 0.9254)
and BET (0.2295 6 r2 6 0.8728), whereas the values of qe calc.
were better correlated with the experimental qe values for other
isotherm models. The complexity of simultaneously comparing
these variables is made simpler by solving for qe calc. from the
non-linear forms of these models using the model parameters
obtained from their linear forms (Foo and Hameed, 2010).
The non-linear plots of these isotherm models (Fig. 5) revealed
that the experimental adsorption process for phenanthrene for
both adsorbents was best described by BET isotherm and sec-
onded by Freundlich, while that of acenaphthylene was best
described by Freundlich and seconded by BET isotherms.
However, both cases are still in tandem with the established
fact that adsorption of PAHs occurs via multilayer process
(Olivella et al., 2011). Thus, adsorption of PAHs onto the
polymer surfaces which occurred via multilayer adsorption
can be explained on the basis of p–p stacking interaction that
is exhibited by PAHs.
The experimental adsorption isotherms of the studied PAHs
forMDIS andHDIS adsorbents are shown inFig. 5 (solid lines).
According to the classiﬁcation of Giles et al. (1960), initial con-
vex curve of the adsorption isotherms indicates an L-type iso-
therm proﬁle, while initial concave curve indicates an S-type of
isotherm proﬁle. The plots of Fig. 5 showed that the equilibrium
sorption curves forMDIS/Phenanthrene, HDIS/Phenanthrene,
and MDIS/Acenaphthylene were of the L-type proﬁle, while
those of HDIS/Acenaphthylene were borderline of L-type and
S-type isotherm proﬁle.
According to Giles classiﬁcation, the initial curvature of the
L-type isotherm proﬁle shows that as more sites in the substratearomatic hydrocarbons using epichlorohydrin, 1,6-hexamethylene diisocyanate
approach. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/
Figure 4 Effect of initial concentration on the adsorption of (a) phenanthrene and (b) acenaphthylene by MDIS and HDIS adsorbents.
Figure 5 Graphical representation of the ﬁtting of the experimental data (solid lines) into the isotherm models (dotted lines) for the
following adsorbent/adsorbate pairs: (a) MDIS/Phenanthrene, (b) HDIS/Phenanthrene, (c) MDIS/Acenaphthylene and (d) HDIS/
Acenaphthylene.
Aqueous scavenging of polycyclic aromatic hydrocarbons 9are ﬁlled it becomes increasingly difﬁcult for a bombarding
solutemolecule to ﬁnd a vacant site available. This implies either
that the adsorbed solute molecule is not vertically oriented (asPlease cite this article in press as: Okoli, C.P. et al., Aqueous scavenging of polycyclic
and 4,4-methylene diphenyl diisocyanate modiﬁed starch: Pollution remediation
j.arabjc.2015.06.004against the S curve) or that there is no strong competition from
the solvent. Since PAHs are non-polar and the solvent is polar,
there is no likelihood of strong competition between thearomatic hydrocarbons using epichlorohydrin, 1,6-hexamethylene diisocyanate
approach. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/
Table 3 Calculated values of thermodynamic parameters.
Adsorbate/
adsorbent
DH
(kJ/mol)
DS
(J/mol/K)
DG (kJ/mol)
298 K 318 K 333 K
Phenanthrene
MDIS 6.80 19.83 12.71 13.11 13.4
HDIS 11.56 63.43 7.34 8.61 9.56
Acenaphthylene
MDIS 13.49 73.95 8.55 10.02 11.13
HDIS 15.7 77.38 7.36 8.91 10.07
10 C.P. Okoli et al.adsorbates (PAHs) and the solvent. Hence, the only explanation
for the exhibition of the L-type isotherm is that the PAH mole-
cules were adsorbed ﬂat. Though the current study is the ﬁrst
study on the adsorption of PAHs by cross-linked starch polymer
adsorbents, previous studies on PAHs adsorption unto cork
waste adsorbent by Olivella et al. (2011) had reported that
PAH molecules were adsorbed ﬂat.
For the S-type adsorption isotherm, the initial direction of
curvature shows that adsorption becomes easier as concentra-
tion rises. In practice, the S-type usually appears when the fol-
lowing three conditions are fulﬁlled: the solute molecule (a) is
monofunctional, (b) has moderate inter-molecular attraction,
causing it to pack vertically in regular array in the adsorbed
layer, and (c) meets strong competition for substrate sites,
from molecules of the solvent or of another adsorbed species.
The deﬁnition of ‘‘monofunctional’’ in this context is that the
solute molecule has a fairly large hydrophobic residue (>C5),
a marked localization of the forces of attraction for the sub-
strate over a short section of its periphery, and that it is
adsorbed as a single unit and not in the form of a micelle
(Giles et al., 1960). Since PAHs are non-polar and the solvent
is polar, there is no likelihood of strong competition between
the adsorbates (PAHs) and the solvent. Hence, only two con-
ditions were met by the PAHs/adsorbent system; consequently,
the HDIS/Acenaphthylene system did not exhibit complete
S-type isotherm.
On ﬁrst approximation, all the observed isotherm proﬁles
approach linear isotherm, otherwise known as the C-type iso-
therm proﬁle, which is characterized by a constant partitioning
of the adsorbate in the adsorbent and is obtained for solutes that
penetrate into the solid more readily than the solvent. Overall,
the adsorption isotherm of PAHs for the studied adsorbents,
was the combinations of S-type and L-type isotherms, with ele-
ments of C-type in all the cases. This stems from the fact that the
PAHs/adsorbent system did not completely meet all the condi-
tions for any of the isotherm types. Hence, the implication of
the partial fulﬁllment of the requirements for complete manifes-
tation of these isotherms resulted in the exhibition of the border-
line types of these principal isotherms. This observation
indicated that (i) the adsorbates (PAHs) are monofunctional,
(ii) PAHs have moderate inter-molecular attraction, causing it
to pack ﬂat in regular array in the adsorbed layer and (iii) there
is no strong competition from the solvent.
3.2.7. Effect of temperature and thermodynamic study
The experiment was designed to investigate the effect of tem-
perature on both the rate and adsorption capacity of the
adsorbents. The result showed that increase in temperature
led to a corresponding increment in the adsorption rate as evi-
denced in the values of rate constant, k2 and initial reaction
rate, h (Table S5). This effect may be due to the fact that at
higher temperatures, the increase in heat and the subsequent
kinetic energy led to increased mobility of the solute, which
results in higher adsorption rates. Also, the observed positive
relationship between the temperature and k2, and h still con-
ﬁrmed the fact that pseudo second order is not the rate limiting
step (Boparai et al., 2011).
Since solubility of PAHs increases with increase in temper-
ature, the quantity adsorbed at equilibrium qe is expected to
have a negative correlation with temperature. However, the
data showed that for phenanthrene, there was no signiﬁcantPlease cite this article in press as: Okoli, C.P. et al., Aqueous scavenging of polycyclic
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whereas there was a noticeable increment in the sorption
capacity values for HDIS. The trend became clearer with sorp-
tion data of acenaphthylene where the sorption capacity
increased from 1.18 to 2.79 mg/g and 1.39 to 5.72 mg/g for
MDIS and HDIS polymer adsorbents respectively. This obser-
vation can simply be explained by the fact that at higher tem-
perature, starch based adsorbents swell in aqueous solution
thus increasing access to more sorption sites that were hitherto
inaccessible at lower temperatures. This increment in adsorp-
tion is in tandem with the principle of maximization of the sur-
face area. According to Erto et al. (2010), maximization of
surface area is a valid criterion for design/synthesis and selec-
tion of a suitable sorbent for adsorption of non-ionic organic
compounds from waters. The marked difference in the magni-
tude of the increment of qe for MDIS and that of HDIS can be
explained in terms of the difference in their swellability as
shown by a preliminary swellability test (result not shown).
This study also showed that the linearity of this observed trend
was more visible for acenaphthylene than phenanthrene. This
can as well be attributed to molecular size screening/steric
effect, due to the fact that even with the swelling and the sub-
sequent increase in pore size, the solutes with smaller molecu-
lar size will have more access to the hitherto inaccessible
sorption sites than their bigger counterparts. This observation
is another merit of these set of noble adsorbents, since it con-
fers the adsorbents, the capacity to be applied for treating
industrial efﬂuents without compulsorily cooling them to
ambient temperature unlike other adsorbents.
Investigations of the thermodynamic parameters of an
adsorption process are necessary to ascertain the spontaneity
of the process. The values of the thermodynamic parameters:
free energy change (DG), enthalpy (DH) and entropy (DS)
are shown in Table 3. The DG values for all the adsorbent–ad-
sorbate systems were negative, indicating that the sorption
process is spontaneous. It was also observed that as the tem-
perature increases, DG decreases indicating the feasibility of
adsorption at higher temperatures. DH values were positive,
indicating endothermic process, except for adsorption of
phenanthrene on MDIS which exhibited exothermic process
with negative DH values (Table 3). DS values of sorption pro-
cess were positive, which indicated increased randomness at
the adsorbent/solution interface.
3.2.8. Effect of competition
Knowledge of competitive sorption characteristics is critical
for the environmental application of these adsorbents in
wastewater treatment because real environmental wateraromatic hydrocarbons using epichlorohydrin, 1,6-hexamethylene diisocyanate
approach. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/
Table 4 Pseudo second order model parameters for adsorp-
tion of phenanthrene from single and binary solutions.
Adsorbents PAHs solution k2 h qe
MDICS Fluorene single 0.0075 1.0271 0.9999 11.7055
Fluorene binary 0.0042 0.6368 0.9993 12.2594
HDICS Fluorene single 0.0059 0.5709 0.9993 9.8746
Fluorene binary 0.0055 0.5535 0.9992 10.0030
MDICS Acya single 0.0034 1.1844 0.9992 18.5632
Acy binary 0.0021 0.8666 0.9989 20.4165
HDICS Acy single 0.0053 1.3890 0.9995 16.1238
Acy binary 0.0052 1.4619 0.9998 16.7757
a Acenaphthylene.
Aqueous scavenging of polycyclic aromatic hydrocarbons 11samples always contain potpourri of organic pollutants. The
study showed that the presence of other aromatic compounds
in the aqueous media enhanced the adsorption of PAHs, as
evidenced by the values of the adsorption capacities in single
and binary solutions (Table 4). This observation is predicated
on p–p electron interaction between the PAH molecules.
Recalling the fact that isotherm studies had conﬁrmed that
PAH molecules are adsorbed ﬂat on the surfaces of these
adsorbents, it is obvious that since these molecules are notTable 5 Sorption coefﬁcient of Phenanthrene as basis for comparing
previously reported in the literature.
Sorbents
Cross linked starch adsorbents
HDIS
MDIS
Algae
Botryococcus braunii
Sargassum hemiphyllum
Fungi
White-rot fungi
Plant based materials
Wood chip
Orange peel
Plant roots
Plant cuticles
Leaves
Pine bark
Natural organic matter
Cellulose
Collagen
Lignin
Modiﬁed biosorbents
Aspen wood ﬁber
Bleached wood
Temperature hydrolyzed wood ﬁbers
Surfactant modiﬁed ﬁbric peat
Acid hydrolysis of pine bark
Geosorbents and abiotic sorbents
Humic acid
Pula kerogen
Nature chars
Fibric peat
Artiﬁcial wood chars
Active carbon
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core of the adsorbed PAH molecules will exhibit stronger
p–p interaction than free surface of the adsorbents. Hence,
adsorbed PAHs molecules will act as better adsorption sites
than vacant sites on the surfaces of the adsorbents. The resul-
tant effect is that PAHs will prefer to adsorb in multi-layers
than maintaining a monolayer. This is in consonance with
the ﬁndings of the isotherm studies which conﬁrmed that
PAHs adsorption was best described by Freundlich and BET
isotherm models, which are characteristics of multi-layer
adsorption.
3.2.9. Evaluation of sorption performance
One of the suitable ways of evaluating sorption performance of
adsorbents for a particular pollutant is by comparing the sorp-
tion coefﬁcient of the adsorbent under investigation, to those
of other adsorbents reported in the literature. Sorption coefﬁ-
cient, Kd, was calculated from the slope of a plot of quantity
adsorbed at equilibrium, qe, against equilibrium concentration,
Ce, (Kd ¼ qeCe). The values of sorption coefﬁcients for phenan-
threne using different adsorbents as reported in the literature,
and the values from this study are shown in Table 5. It has
been observed from the data that MDIS, one of the adsorbentsthe sorption performance of the developed adsorbents and those
logKd Source
3.97 Present study
4.79
4.13 Salloum et al. (2002)
3.83 Chung et al. (2007)
3.83 Chen et al. (2010)
3.40 Chen et al. (2011)
3.47
3.32–3.70 Zhu et al. (2007) and Chen et al. (2011)
4.21–4.73 Li and Chen (2009)
3.52–4.05 Lin et al. (2007) and Zhu et al. (2007)
3.53 Li et al. (2010)
2.98
4.47 Salloum et al. (2002)
4.03
3.60–3.67 Huang et al. (2006)
3.24–3.26
4.03–4.75
4.42 Tang et al. (2010)
4.23 Li et al. (2010)
4.45 Salloum et al. (2002)
4.76
4.83–6.31
4.11 Tang et al. (2010)
5.19–7.20 James et al. (2005)
5.70–5.90
aromatic hydrocarbons using epichlorohydrin, 1,6-hexamethylene diisocyanate
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12 C.P. Okoli et al.developed from this study and which is equally considered as
cheap alternative to more costly materials such as synthetic
resins and activated carbons, is only second to activated car-
bon in terms of the values of their sorption coefﬁcient. The
value for HDIS showed that its sorption performance, though
lower than the value for MDIS, is as good as that of lignin,
which is equally accepted as good adsorbent for aromatic
compounds.
3.2.10. Regeneration of spent adsorbent (desorption study)
Fig. 6 shows desorption efﬁciencies for acenaphthylene,
phenanthrene, and ﬂuorene from MDIS and HDIS adsorbents
using various desorption solvents. The trend for all the studied
nature of desorption solvent was acetone > DCM> hexane
> methanol. This trend can be explained on the basis of polar-
ity, except for methanol which had the least desorption ability,
despite having same polarity index value of 5.1 with acetone.
This observation might likely be linked to the presence of dif-
ferent functional groups in acetone and methanol, and their
associated interactions with the adsorbents. Hence, acetone
which is an aldehyde (R-CHO) will likely interact more with
the adsorbent than methanol which is an alcohol (R-OH). It
was equally observed that HDIS had poor desorption efﬁ-
ciency, hence cannot be effectively regenerated. Also, the rateFigure 6 Desorption efﬁciency of PAHs on (a) MDIS and (b)
HDIS using different desorption solvents.
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to be complete in less than 10 min (Fig. S4). The regeneration
efﬁciency tests showed that the adsorption performance of the
regenerated MDIS adsorbent was still more than 70% of the
original performance, even after ﬁve consecutive regenerations
(Fig. S5). This implied that these adsorbents could be advanta-
geously be reused several times, hence a very big comparative
cost advantage over other common adsorbents for PAHs.
3.2.11. Application of the developed adsorbents for treatment of
real environmentally polluted water samples
The adsorption capacities for acenaphthylene, phenanthrene,
and ﬂuorene for the spiked environmental water samples were
6.04, 8.59, and 6.81 mg/g for MDIS, and 4.91, 6.82, and
5.04 mg/g for HDIS, respectively. Though the values were
slightly lower than the values obtained for simulated water
samples (7.57, 9.14, and 7.79 mg/g for MDIS, and 6.43, 7.03,
and 6.6 mg/g for HDIS, respectively), the adsorbents can be
said to have exhibited good adsorption performance for the
treatment of spiked environmentally polluted water samples.
The drop in performance can be attributed to the presence
of numerous other competing pollutants in real environmental
water samples. PAHs were not detected after adsorption treat-
ment of the un-spiked environmental water samples, which is
adjudged to contain ambient (environmentally obtainable)
levels of these pollutants, and thus conﬁrmed the effectiveness
of the adsorbents.
4. Conclusion
This study demonstrated the treatment of aqueous PAHs pol-
lution by adsorption using cross-linked starch adsorbents. The
results obtained show that MDIS and HDIS adsorbents, easily
synthesized starch based polymers, can be applied for the
treatment of PAHs polluted water. Adsorption is affected by
a number of factors, especially contact time, PAHs concentra-
tions, adsorbents dose and particle size, temperature of aque-
ous media, and to a less extent pH, water harness and
salinity. Adsorption was deemed to be complete in reasonable
time. Efﬁcient desorption of PAHs and regeneration of adsor-
bents using acetone (relatively non-toxic and cheap organic
solvent) made the developed adsorbents a viable alternative
to the common adsorbents available for treatment of aqueous
PAHs pollution. Application of these adsorbents in real envi-
ronmental water samples conﬁrmed their effectiveness and efﬁ-
ciency, and consequently the relevance of this study.
Considering their good adsorption capacity, ease of synthesis,
as well as availability of starch precursor at relatively low cost,
the adsorbents are promising cost-effective adsorbent, and
thus recommended for control of aqueous PAHs pollution.
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